The paper presents the modeling and linear control of shape memory alloy (SMA) actuator. A complete system mathematical model of SMA actuator is constructed, all uncertain parameters are evaluated through nonlinear least squares method from matlab parameter estimation tool. The feedback linearization (FBL) theory is applied, The SMA actuator system is transformed from nonlinear system to linear system so that all mature linear control theory can be used. In this paper, a simple gain matrix is utilized to establish Hurwitz, achieves the output position tracking, and ensures the system stability. Two control schemes, FBL and PID, are compared in dynamic response and response error.
Introduction
Shape memory alloy (SMA) is a kind of active material that can happen transformation from thermal energy to mechanical energy when it is heated up to an appropriate temperature. SMA thermomechanical behaviors include pseudoelasticity or superelasticity, shape memory effect (SME), and phase transformation due to temperature variation. In all SMAs, nickel-titanium alloy, known as NiTiNOL, exhibits the excellent mechanical property with SME [1] . The most famous example is that it was successfully applied to F-14 as the hydraulic tube coupling [2] .Since then, SMA has gained great attention by engineers and scientists from different fields and has been exerted in various of domain ranging from aerospace to naval, automotive, surgical instruments, medical implants, fixtures, actuators and microrobots [2] [3] [4] .
The main advantages of SMA actuators are superb power -mass ratio, clean, rehability, maintainability and silent actuation. Though SMAs have many incomparable advantages over several traditional actuators, such as electrical, hydraulic, pneumatic, they also have some shortcomings, such as low energy efficiency, slow response, parameter uncertainties, hysteresis and nonlinearities. The reason that leads to hysteresis and nonlinearities is that SMA generates solid-to-solid phase transformation relating to temperature, namely, martensite and austenite. Martensite, relatively soft, is the low temperature phase, and whereas austenite, the high temperature phase, is relatively hard. When SMA is heated, the phase transformation is from martensite to austenite, vice versa. The thermodynamically characteristics is not reversible, although the phase transformation is invertible. The engineers must compensate hysteresis effect if they want to achieve a better performance. The model-based control, such as Romano and Tannuri [5] , Elahinia and Ashrafiuon [6] , Moallem and Tabrizi [7] , Ianagui and Tannuri [8] and Arai et al. [9] , uses mathematical model to detailedly describle system characteristic.
The model free control, such as Nikdel et al. [10] , Nguyen and Kyoung [11] , Jin et al. [12] , estabilishes a "black box" model by neural network (NN). Proportional Integral Derivative (PID), a typical method of model free control, has been explored by several researchers [13, 14] . Even though model free controls usually have better performance, once the condition (such as ambient temperature) changes, the performance will be severely affected.
In this paper, an integrated mathematical model of SMA actuator is established, where all uncertain parameters are identified. Low frequency and high frequency system response validate availability of the model. The FBL theory is adopted and makes the nonlinear system transform linear system. According to the system dynamics characteristic, a gain matrix is chose, achieved the output position tracking control, and guaranteed the stability of close-loop system. This paper is organized as follows. Section 2 describes the mathematical model of the system of SMA actuator. The FBL theory and the applied controller are presented in section 3. And section 4 illustrates the experimental result and some discussion. In the last, concluding remark is arranged. There were many researches about the model of SMA in the past, such as [5, [15] [16] [17] [18] [19] [20] [21] .In this paper, the utilized model is based on the existing model [5, 15, 18, 21] . It includes four main parts: Joule heating and heat transfer, phase transformation, mechanical properties, and dynamics of the system.
Mathematical Model

Joule Heating and Heat Transfer
The model of Joule heating and heat transfer can be expressed by:
where i is the input current (the main control variable), R is the resistance of the electrical wire, m is the wire mass, T is the SMA wire temperature, amb T is the ambient temperature, h is convection heat transfer coefficient, p c is specific heat. According to [19] , h and p c are temperature dependent. But they are considered constant in order to simply the system model. They can not be measured directly, so the value is got by the parameters estimation.
Phase Transformation
When the SMA is heated, the material will happen solid-to solid transformation from martensite to autenite, vice versa. Though the phase transformation is reversible, the relationship between temperature T C q and martensite fraction m R is not reversible, it is hysteresis. The process of complete martensite-austenite transformation is major hysteresis loop, while the process of incomplete martensite-austenite transformation is called minor hysteresis loop. The whole hysteresis model is given by: 
The subscript h and c denote heating and cooling.
Mechanical Properties
Mechanical character of SMA has been applied by means of variable sublayer model [15] Combining (6) with (7), the relation of stress to strain can be considered as follow :
Dynamics
Force analysis of SMA dynamics system is shown in Fig.3 . The dynamics function can be built on the basis of moment of momentum theorem and Newton's second law. 
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Where 1 T is the tensile force from rope, the traction 2 T , coming from SMA, is often been considered as elastic force of spring, l m is the mass of load that 1 T holds, p is the displacement that SMA shrink , J is the moment of inertial of the spindle, r is the radius of pulley. The maximum deformation of SMA is approximately 4% of wire l , which is the initial length of SMA in the full martensite. Then,
Where s k is the stiff of SMA, 0.0143 wire l p ' . The function (11) can also be wrote as (12) integrating (8) .
where wire A is the cross sectional area, 0 l is the SMA length in full austenite.
Hence, the stiff of SMA actuator is function (13) 
Function (14) can be gained through combining (9), (10) 
I J r m
, c is friction coefficient.
Parameter Identification
The more accurate of model parameters, the better control effect. The initial parameters of SMA actuator mathematical model are derived from datasheet or reference. 
comparison of output displacement between experiment and model simulation is given in Fig.6-8 , their periods are 20s, 50s, 100s, respectively. It can find the model has good precision. 
FBL
FBL is a nonlinear control approach. The main theory of FBL allows the designers to transform nonlinear system into equivalent linear system by a change of variable, and then uses the inverse transformation to gain the controller for the original nonlinear system. FBL may be divided into two categories of full-state linearization, where the state equation is completely linearized, and input-output linearization, where the input-output map is linearized, while the state equation may be only partially linearized.
The control v can be designed 
Experimental Results
To verify the control performance of FBL, output position tracking of random step and sinusoidal is experimented, and a PID controller is also designed. The reference steps are 5mm, 8mm, 10mm, 9mm, 7mm, 4mm and 6mm, respectively. . However, the FBL controller gain parameter remain the same as the step response. The tracking precision of PID controller and FBL controller are both low in the cooling process. That is because that SMA actuator is not fast actuator and the system does not have any cooling way, completely relies on natural cooling, and it is time consuming. From the comparison results, FBL control method reaches the control effect of PID. Hence, the proposed controller is feasible, and builds a good foundation for the other linear control method, such as active model control, this is our next work. To improve the response speed, the next work also includes the research of cooling system.
Conclusions
An experiment platform of SMA actuator was built, and a complete system model was exploited. The uncertain model parameters were estimated by matlab estimation toolbox. The comparison between simulation and experiment validated the model effectiveness. Two different control algorithms, PID and FBL, were used to control SMA system. To verify FBL controller high feasible, Output tracking of a random step response and a sinusoidal response were experimented, and a comparison between PID and FBL was made. The results demonstrated the highly effective of the proposed control method. Its main advantage is to transform nonlinear system into equivalent linear system, makes the linear control algorithms successfully apply the system, and builds a good foundation for the next work. The disadvantages are the low response speed and low frequency range because any cooling equipment did not be adopted in experiment, the dynamic response has been limited. The next work will promote the control performance and improve the response frequency.
